Atomic force microscopy and confocal resonance Raman microscopy (CRRM) of singlecells were used to study the transition of anode-grown Geobacter sulfurreducens biofilms from lag phase (initial period of low current) to exponential phase (subsequent period of rapidly increasing current). Results reveal that lag phase biofilms consist of lone cells and tightly packed single-cell thick clusters crisscrossed with extracellular linear structures that appears to be comprised of nodules approximately 20 nm in diameter aligned end to end. By early exponential phase, cell clusters expand laterally and a second layer of closely packed cells begins to form on top of the first. Abundance of c-type cytochromes (c-Cyt) is threefold greater in two-cell thick regions than in one-cell thick regions. The results indicate that early biofilm growth involves two transformations. The first is from lone cells to two-dimensionally associated cells during lag phase when current remains low. This is accompanied by formation of extracellular linear structures. The second is from two-to three-dimensionally associated cells during early exponential phase when current begins to increase rapidly. This is accompanied by a dramatic increase in c-Cyt abundance.
INTRODUCTION
Anode-grown Geobacter sulfurreducens biofilms attract significant attention because they are considered as model bio-electrochemical systems (BES) in which microorganisms are used to catalyze desirable electrode reactions such as oxidation of organic matter in wastewater for power generation (Richter et al., 2009; Katuri et al., 2010; Marsili et al., 2010; Rollefson et al., 2011; Tender, 2011; Bond et al., 2012; Hasan et al., 2012; Katuri et al., 2012; Snider et al., 2012; Strycharz-Glaven and Tender, 2012a; Zhu et al., 2012; Lebedev et al., 2014) . All cells in an anode-grown G. sulfurreducens biofilm, which can grow to more than 20 cells thick, appear to be catalytically active, coupling acetate oxidation with transport of their respired electrons to the underlying anode resulting in current (Franks et al., 2010) . It is not clear how electron transport occurs through a G. sulfurreducens biofilm to the underlying electrode surface (referred to here as extracellular electron transport, EET) Strycharz-Glaven and Tender, 2012b) . G. sulfurreducens cells possess an abundance of c-type cytochromes (c-Cyt) on their outer membrane, in secreted extracellular polymeric substances (EPS) and along pili (extracellular protein filaments) , and substantial data implicate c-Cyt as playing pivotal roles as redox cofactors in EET (Liu et al., 2011; Millo et al., 2011; Bond et al., 2012; Liu and Bond, 2012; Pirbadian and El-Naggar, 2012; Strycharz-Glaven and Tender, 2012b; Virdis et al., 2012; Robuschi et al., 2013; Lebedev et al., 2014) .
When G. sulfurreducens is grown on an anode (an electrode poised at a sufficiently positive potential to act as a metabolic electron acceptor for G. sulfurreducens), the resulting biofilm exhibits distinct growth phases, analogous to cells grown in batch reactors, when current is monitored over time (Marsili et al., 2010; Strycharz-Glaven and Tender, 2012a; Hall et al., 2014) ( Figure  S1 in Supplementary Material). Here, current, which is proportional to the rate of electron transfer to the anode by the biofilm, scales linearly with biomass accumulation on the electrode surface (Marsili et al., 2008) . The exception is lag phase, when biomass accumulation occurs at a faster rate than the rate at which current increases (Marsili et al., 2008) . Most investigations of anodegrown G. sulfurreducens biofilms have focused on stationary phase biofilms -those that have achieved a maximum steady state current and biomass (Dalton et al., 1990; Forster et al., 2004; Liu et al., 2011; Millo et al., 2011; Liu and Bond, 2012; Virdis et al., 2012; Robuschi et al., 2013; Lebedev et al., 2014) . In the present work, we focus attention on early biofilm growth, specifically the transition from lag phase to early exponential phase as EET begins to develop, in order to advance understanding of the underlying mechanisms of EET. We analyze biofilm structure by topological and phase AFM and local abundance of c-Cyt by Confocal Resonance Raman Microscopy (CRRM). The key observation is that during lag phase, lone cells proliferate, forming closely packed one-cell thick clusters that cover as much as 25-30% of the electrode surface area without resulting in appreciable current. It is only after a second cell layer begins to form on top of the first that current begins to rapidly increase. The ability to perform CRRM of single cells demonstrated here enables relative quantification of local abundance of c-Cyt at each step, which indicates that lone cells and one-cell thick biofilm regions have a similar local abundance of c-Cyt, whereas two-cell thick biofilm regions have a disproportionately greater local abundance of c-Cyt. Moreover, the onset of rapidly increasing current during early exponential phase corresponds with onset of formation of the second cell layer. At this stage of biofilm growth, cells comprising the second layer constitute a small fraction of the total number of cells in the biofilm, suggesting that they play a disproportionate role in current generation. It also supports the proposition that c-Cyt, which are higher in local abundance in the two-cell thick regions than in the one-cell thick regions, play an important role in EET from cells that are not in direct contact with the electrode. In addition, phase AFM reveals previously unreported extracellular linear structures crisscrossing cell clusters that appears to be comprised of nodules approximately 20 nm in diameter aligned end to end. If such nodules are redox active, their close alignment could allow intra-nodule electron transfer.
RESULTS

Figure 1
depicts optical microscopy of a typical G. sulfurreducens biofilm grown on a gold electrode during lag phase. Lag phase biofilms examined here achieved a relatively steady current density (j) of 1.5-6 µA/cm 2 and exhibited voltammetry consistent with lag phase G. sulfurreducens biofilms ( Figure S2 in Supplementary Material) before being removed from their electrochemical reactor for analysis. In the case of Figure 1 (j = 6 µA/cm 2 ), the biofilm occupied approximately 1-2% of the electrode surface ( Figure S4 in Supplementary Material) and consisted of dispersed lone cells and dispersed cell clusters typically numbering <100 cells. It is presumed that lone cells are cells from the inoculum that are attached to the electrode surface, and that cell clusters result from proliferation of attached cells.
Topographical AFM imaging (alternative current amplitude modulation mode, Figures 2A-C) indicates that lone cells are of normal size (approximately 1 µm long × 0.4 µm width) and shape, oriented lengthwise along the electrode surface, and surrounded by a relatively thick cell wall possibly reflecting EPS ( Figure 2C ). Figure 2D depicts a phase AFM image corresponding to the topographical AFM image depicted in Figure 2C , providing greater lateral resolution including granularity of the underlying gold electrode (Garcia and Perez, 2002) .
Figures 2E-G depict topographical AFM images of cell clusters in the same lag phase biofilm as above. Cell clusters are tightly packed and one-cell thick (approximately 0.4 µm). Figure 2H depicts a phase AFM image corresponding to Figure 2G . The higher lateral resolution of phase AFM (Garcia and Perez, 2002) reveals linear structures that are approximately 20 nm in diameter and up to multiple microns in length crisscrossing the cell cluster. These structures are of unknown identity, were always observed by phase AFM for cell clusters, not observed for lone cells (e.g., Figure 2D ), and not observed extending laterally from cell clusters onto the electrode surface. At this time, we are unable to determine if they are solid (i.e., filaments) or hollow (i.e., vesicles). Figure 3A depicts a higher resolution phase AFM image of multiple linear structures. Each appears to be comprised of nodules aligned edge to edge that are approximately 20 nm in diameter. Figure 3B depicts a topological profile along a single structure indicating approximately 20 nm center-to-center spacing between nodules.
Figure 4 depicts CRRM spectra of lone cells and of clustered cells of the same G. sulfurreducens lag phase biofilm, which are typical for c-Cyt (Lebedev et al., 2014) . CRRM spectra of single G. sulfurreducens cells have not been previously reported and result here from precise laser alignment and use of a high magnification (100×) short focal length objective. The measurement has a nominal spatial resolution adequate to detect c-Cyt of lone G. sulfurreducens cells (clearly depicted in Figure 5B ). In cell clusters, however, owing to tight packing of cells, spectra more than likely represent contributions from more than one cell owing to the 2 µm lateral spatial resolution of the measurement (indicated by Figure 5B ). As such, the apparent 50% higher local abundance of c-Cyt of cell clusters vs. lone cells indicated by relative intensities of their spectra is expected to be lower on a per cell basis. Although they may have been present, c-Cyt were not detected on bare regions of the electrode (i.e., regions not covered by cells).
Figure 5A depicts optical microscopy of a different lag phase biofilm than the one depicted in Figure 4 . Figure 5B depicts a resonance Raman topographical image created by obtaining spectra at 1 µm increments along the white line indicated in Figure 5A that transects two lone cells, and plotting intensity of the 1588 cm −1 peak vs. distance along the line, further demonstrating ability to detect c-Cyt from single cells. Figure 5B does, however, indicate lateral spatial resolution of not <2 µm.
Figures 6A,B depict optical microscopy of two G. sulfurreducens biofilms grown on gold electrodes to early exponential phase. At this stage of biofilm development, current density began to increase rapidly, achieving 15 µA/cm 2 and the biofilm exhibited voltammetry consistent with an early exponential phase biofilm (Strycharz-Glaven and Tender, 2012a) (Figure S2 in Supplementary Material). By this stage, cells clusters had expanded considerably, occupying 25-35% of the electrode surface. Despite this expansion, cell clusters remain predominately one-cell thick.
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A second smaller cell layer is observed on top and in the center of some clusters (indicated by white arrows).
Figures 7A-C depict topographical AFM images of cell clusters in the same exponential phase biofilm as above. In the case of one-cell thick regions, the biofilm height is approximately 0.40 µm during lag phase. In the case of two-cell thick regions, the biofilm height increases by approximately 0.24 µm, indicating that the second cell layer is tightly associated with the first. Figure 8A depicts normalized resonance Raman spectra (normalized to the 1365 cm −1 band) obtained for one-and two-cell thick biofilm regions residing along the line indicated in Figure 6B . Figure 8B depicts a resonance Raman topographical image created by obtaining spectra at 1 µm increments along the line indicated in Figure 6B that spans gold, a one-cell thick region, a two-cell thick region, and a one-cell thick region, and plotting intensities of representative cytochrome Raman spectral peaks vs. distance along the line. The specific peaks used were 1365 and 1377 cm −1 [previously modeled to be sensitive to heme oxidation state (Lebedev et al., 2014) ] and 1315, 1589, 1642 cm −1 [previously modeled to be insensitive to heme oxidation state (Lebedev et al., 2014) ]. Figure 8B indicates that the local c-Cyt abundance in the two-cell thick regions is threefold greater than in the one-cell thick regions based on intensities of the spectral peaks. In the case of one-cell thick regions, the intensities at locations 4 and 20 µm were used to minimize negative contributions by neighboring bare gold regions and positive contributions by neighboring two-cell thick regions due to the 2 µm spatial resolution of the measurement indicated by Figure 5B . Because the vertical resolution is assumed to be significantly greater than the thickness of the individual cell layers, it is not possible to determine if c-Cyt are concentrated vertically (e.g., in the first or second cell layer).
DISCUSSION
Taken together, the results described above suggest that the following processes occur early in biofilm development. During lag phase, when current and the rate of change of current are low, attached cells proliferate and form one-cell thick clusters on the electrode surface. Cell clustering is accompanied by formation of extracellular linear structures that crisscross the cells. The abundance of c-Cyt is low for both lone and clustered cells but readily detectable by CRRM. Upon transition to early exponential phase, when current begins to rapidly increase, a second layer of cells begins to appear on top of the first, accompanied by a pronounced increase in local abundance of c-Cyt. We have performed the same measurements on multiple lag phase and early exponential phase biofilms. In the case of the lag phase biofilms, while the electrode coverage can be as high as 25-30%, the current remains low, as does the abundance of c-Cyt. It is only in early exponential phase when current begins to increase that we observe the higher local abundance of c-Cyt and only in two-cell thick regions.
There is considerable discussion concerning the role of c-Cyt in EET (Busalmen et al., 2008; Liu et al., 2011; Strycharz-Glaven et al., 2011; Bond et al., 2012; Liu and Bond, 2012; Strycharz-Glaven and Tender, 2012b; Robuschi et al., 2013; Lebedev et al., 2014) . The results presented here provide the first experimental evidence linking onset of increased local expression of c-Cyt within a growing G. sulfurreducens biofilm with onset of formation of the first www.frontiersin.org portion of the biofilm that is not in direct contact with the electrode surface (i.e., the second cell layer) and with onset of current generation. The increased local abundance of c-Cyt appears to be localized to developing two-cell thick biofilm regions, suggesting that c-Cyt play a pivotal role in EET from cells in the second layer through the first layer to the electrode surface.
There is also considerable discussion concerning the role of filaments (i.e., pili or nanowires) in EET (El-Naggar et al., 2008 Cologgi et al., 2011; Strycharz-Glaven et al., 2011; Veazey et al., 2011; Bond et al., 2012; Feliciano et al., 2012; Pfeffer et al., 2012; Pirbadian and El-Naggar, 2012; Strycharz-Glaven and Tender, 2012b; El-Naggar and Finkel, 2013; Leung et al., 2013) . The linear structures observed here by phase AFM indicates that they comprise nodules that are approximately 20 nm in diameter aligned end to end. If these nodules are redox active (e.g., comprise or contain multi-heme cytochromes), their closeness could enable inter-nodule lateral electron transport.
MATERIALS AND METHODS
GEOBACTER CULTIVATION
Geobacter sulfurreducens strain DL1 (ATCC#51573) was maintained under anaerobic conditions (N 2 :CO 2 , 80:20%) with ultrapure (18 GΩ) water-based growth medium containing fumarate (40 mM) and acetate (10 mM) using previously described methods (El-Naggar et al., 2010; Leung et al., 2013) . The medium contains per liter: 2.5 g sodium bicarbonate (NaHCO 3 ), 0.1 g potassium chloride (KCl), 0.25 g ammonium chloride (NH 4 Cl), 0.6 g sodium phosphate dibasic (NaH 2 PO 4 ), 10 ml DL vitamin mixture, and 10 ml DL mineral mixture (El-Naggar et al., 2010) . Cysteine (10 µM) is added as a reductant.
ELECTROCHEMICAL ANALYSIS
All electrochemical experiments were performed in singlechamber electrochemical reactors adapting previously described www.frontiersin.org methods Strycharz-Glaven et al., 2011 Snider et al., 2012 ) (250 ml volume) with a 1 cm × 2.5 cm gold on glass working electrode (gold thickness 100 nm vapor deposited on the top of 5 nm chromium adhesion layer), graphite rod (0.6 cm diameter, approximately 6 cm length) as the counter electrode, and Ag/AgCl reference electrode. Working electrodes and reference electrodes were sterilized by soaking in a freshly prepared 10% bleach solution for 20 min using a freshly opened container of bleach, followed by rinsing in sterile deionized water for 20 min. Counter electrodes were sterilized in partially assembled cells by autoclaving.
Electrochemical reactors were inoculated with late log-phase
Single-chamber electrochemical cells were filled (approximately 175 ml) with ultrapure (18 GΩ) water-based growth medium (0.1 M total salt) in the presence of acetate (10 mM) as the electron donor. The working electrode was held at 0.300 V vs. Ag/AgCl (approximately 0.500 V vs. SHE) and served as the electron acceptor. Reactors were continuously stirred with a magnetic stirrer set at approximately 3 rotations/s and maintained at 30°C with a recirculating water bath. Reactors were continuously purged with N 2 :CO 2 (80:20%) to maintain anaerobic conditions. Cyclic voltammetry was recorded prior to inoculation and immediately before removing the working electrode for AFM and Raman biofilm analyses with the following parameters: E initial = 0.300 V vs. Ag/AgCl (approximately 0.500 V vs. SHE), E vertex = −0.800 V vs. Ag/AgCl (approximately −0.600 V vs. SHE), and E final = 0.300 V vs. Ag/AgCl at 0.002 V/s (Richter et al., 2009; Rollefson et al., 2011) .
SPATIALLY RESOLVED CONFOCAL RESONANT RAMAN MICROSCOPY
For Raman microscopic analysis, anodes with G. sulfurreducens biofilms were removed from the electrochemical reactors, gently dipped in salt-free media (above) and exposed to air but not intentionally dried (the biofilms remained moist throughout the measurements). It has been previously shown that in the case of mixed community biofilms enriched in G. sulfurreducens, such treatment does not kill the cells but keeps them alive and electrochemically active, as evidenced by the continuation of current when returned to the electrochemical reactor (Virdis et al., 2012) .
For this reason, it is assumed that the ex situ analyses performed here are similar to the native state of the biofilms just before they were removed from their electrochemical reactors. It is important to note the following. Owing to the low strength innocula used here, the fact that the innocula were electron acceptor limited making planktonic growth in the electrochemical reactors not possible, the fact that the electrochemical reactors were stirred, and the fact that G. sulfurreducens is not known to loosely associate with electrodes [i.e., engage in electron EET resulting in current without adhering (Marsili et al., 2010) ], it is concluded that gently dipping the electrodes in salt-free media before the ex situ analyses negligibly altered the biofilms. Moreover, as controls, we performed analyses without dipping the biofilms in salt-free media and observed qualitatively the same results but with salt precipitated on the biofilms.
Raman spectra were collected with a Renishaw inVia Raman microscope (Hoffman Estates, IL, USA) with 100×/0.90 objective and 514 nm laser light enabling resonant excitation in the cytochrome Q-band (oriented in plane of the porphyrin ring). The excitation energy was kept below 0.03 mW (measured) and each spectrum was recorded at a different sample point. Up to 10 similar spectra were averaged to improve the signal-to-noise ratio. The low excitation energy allows for excluding optical artifacts within the sample and for reproducible spectral measurements. As an example, in the case of Figure 8B we did not observe any changes in Raman spectra while performing 10 repetitive scans. The total measurement time of the Raman spectroscopic experiment depicted in Figure 8B was 10-12 min.
The resonance Raman topographical image ( Figure 7B ) was generated by collecting spectra in 1 µm increments along the biofilm surface. Spectra were collected in autofocus mode and the laser beam was manually focused on the biofilm surface for each spectra to exclude effects of fluctuation in biofilm thickness. The spectral data processing and presentation were done with IgorPRO data analysis software (WaveMetrics, Portland, OR, USA).
ATOMIC FORCE MICROSCOPY
Samples for AFM analyses were prepared the same way as for Raman analyses. The AFM experiments were performed with JSPM-5200 microscope (JEOL-USA, Peabody, MA, USA) in alternative current amplitude and phase modes allowing for avoiding sample alteration by AFM tips and increasing image spatial resolution. The experiments were performed in air at 22°C with the samples prepared the same way as for Raman measurements. Tap-300 AFM probes (BudgetSensors, Sofia, Bulgaria) were used with a force constant 40 N/m, at an oscillation frequency of approximately 320 kHz (Q-factor of approximately 562), and at scan rate of approximately 3 µm/s using a 1.20-1.60 Hz feedback filter. The phase modulation analysis was performed at a phase shift of approximately −72°. Control measurements performed at high resolution AFM shows no sample damage before and after experiments. Image processing was done with JEOL SPM software. The same software was used to determine cell coverage of electrode surfaces.
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